ABSTRACT cDNA cloning is a central technology in molecular biology. cDNA sequences are used to determine mRNA transcript structures, including splice junctions, open reading frames (ORFs) and 5 0 -and 3 0 -untranslated regions (UTRs). cDNA clones are valuable reagents for functional studies of genes and proteins. Expressed Sequence Tag (EST) sequencing is the method of choice for recovering cDNAs representing many of the transcripts encoded in a eukaryotic genome. However, EST sequencing samples a cDNA library at random, and it recovers transcripts with low expression levels inefficiently. We describe a PCR-based method for directed screening of plasmid cDNA libraries. We demonstrate its utility in a screen of libraries used in our Drosophila EST projects for 153 transcription factor genes that were not represented by full-length cDNA clones in our Drosophila Gene Collection. We recovered highquality, full-length cDNAs for 72 genes and variously compromised clones for an additional 32 genes. The method can be used at any scale, from the isolation of cDNA clones for a particular gene of interest, to the improvement of large gene collections in model organisms and the human. Finally, we discuss the relative merits of directed cDNA library screening and RT-PCR approaches.
INTRODUCTION
The construction and screening of cDNA libraries is a common technique in the analysis of mRNA transcripts. Sequencing of full-length cDNA clones is an accurate and reliable way to delineate complete gene structures in genomic sequence, including exons and introns, open reading frames (ORFs) and 5 0 -and 3 0 -untranslated regions (UTRs) (1, 2) . Large collections of cDNAs have been used in functional genomic studies of genes and proteins, including spotted cDNA microarray analysis (3), yeast two-hybrid protein interaction screening (4, 5) , and high-throughput X-ray crystallography (6) . The development of comprehensive non-redundant cDNA collections is an important objective of the human and model organism genome projects (7, 8) .
Expressed Sequence Tag (EST) sequencing is an efficient method for obtaining cDNA clones representing a significant fraction of the transcripts encoded in a genome (9) (10) (11) (12) . However, ESTs sample cDNA libraries at random, and the representation of transcripts in cDNA libraries is related to their expression levels in the tissues and developmental stages profiled, so EST sequencing is inefficient at recovering rare transcripts. The use of normalized cDNA libraries can improve the efficiency of gene discovery by EST sequencing, but even the best methods result in very incomplete normalization, so the advantage of this approach is limited (13) (14) (15) . In addition, because ESTs are derived from cDNA ends, they often fail to elucidate alternative splicing in the central regions of transcripts. Thus, to screen cDNA libraries for genes and alternative transcripts that are not represented in large EST collections, efficient directed methods are needed.
As a first step in producing a non-redundant collection of Drosophila melanogaster cDNAs, we generated 262 140 5 0 EST sequences from directionally cloned cDNA libraries representing a variety of tissues and developmental stages (12, 16) . These data represent 19.5-fold over-sampling of the 13 449 protein-coding gene models in the Release 4.1 annotation of the D.melanogaster genome sequence (http://flybase. net/annot/). The EST data were used to select cDNA clones for full-insert sequencing to create the Drosophila Gene Collection (DGC). Most clones were selected computationally, initially by inter se clustering and later by alignment to the *To whom correspondence should be addressed at Berkeley Drosophila Genome Project, Lawrence Berkeley National Laboratory, One Cyclotron Road The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oxfordjournals.org genome sequence; some additional clones were selected by human curators during genome annotation (http://www. fruitfly.org/EST/index.shtml). Full-insert sequencing of DGC cDNAs (13) led to major improvements in the annotation of protein-coding genes in the genome sequence (2) . Within the DGC, we distinguish a set of clones encoding protein sequences that perfectly match translated genome sequence annotations; these clones are suitable for functional genomic and proteomic studies (DGC Gold, http://www.fruitfly.org/ EST/gold_collection.shtml). (Full-length cDNAs that do not match annotated gene models may reveal unannotated protein isoforms and so may also be suitable for functional studies.) The DGC currently comprises 6263 Gold cDNAs and 5266 additional sequenced cDNAs.
Our mapping of ESTs to gene annotations shows that there are 3125 annotated protein-coding genes not yet represented in the DGC. In addition, the genome sequence annotation predicts that $20% of Drosophila genes produce two or more alternatively spliced transcripts (2) , and this is likely an underestimate. Thus, at least 2500 annotated alternatively spliced protein-coding transcripts are also not yet represented in the DGC. Sequencing of the most recent 10 000 5 0 ESTs identified cDNAs for only 96 additional genes (1% yield). Although EST sequencing of new libraries from different tissues and developmental stages might marginally increase the rate at which additional genes are sampled by EST sequencing, an efficient method for directed screening of cDNA libraries to recover clones for specific transcripts would be very useful.
The traditional method for screening a cDNA library for clones representing a gene of interest is hybridization of labeled gene-specific DNA probes to colonies or plaques transferred to a nylon filter [reviewed in (17) ]. This method is labor and time intensive, especially when the desired clones are rare in the library. It is not an efficient approach for screening libraries on a large scale. A method has been described for screening arrayed cDNA libraries by PCR of pooled clones in a combinatorial scheme (18) . This approach requires arraying of individual clones into microtiter wells and is therefore practical only for abundantly expressed transcripts.
RT-PCR is an attractive alternative approach, because it recovers cDNA sequences for specific genes directly, without library screening. In RT-PCR (19) , first-strand cDNA is used as a template in a PCR with a pair of gene-specific primers at the 5 0 and 3 0 ends of the transcript of interest. This procedure can generate cDNAs that are as complete as the starting gene model. However, because it recovers only sequences between the two PCR primers, RT-PCR depends on accurate prediction of the 5 0 and 3 0 ends of the target transcript in order to produce a cDNA with a complete ORF. The output of most genefinding algorithms is a single ORF prediction per gene with no predicted UTRs, and it is not uncommon for predicted genes to be missing 5 0 and 3 0 coding sequences (1, 2) . Because gene models with complete ORFs are more difficult to predict than is generally appreciated, and because UTRs are very difficult to predict, complete transcripts are typically not captured by RT-PCR. The related Rapid Amplification of cDNA Ends (RACE) (20) method is a directed approach to identifying 5 0 and 3 0 coding and UTR sequences, but it produces PCR products representing only part of a transcript. In addition, because only one of the primers in a RACE PCR is genespecific, successful amplification often requires sequential rounds of PCR with nested primers. In order to reliably produce full-length cDNAs using these methods, transcript ends would need to be defined by 5 0 and 3 0 RACE experiments before conducting RT-PCR experiments. Thus, there are practical issues that limit the utility of RT-PCR as a highthroughput strategy.
A method for obtaining the 5 0 and 3 0 ends of a transcript simultaneously has been described in which primary doublestranded cDNA is self-ligated in dilute solution to produce circular molecules without a cloning vector (21) . The circularized cDNA is used as a template for an inverse PCR (22-24) using gene-specific primers directed away from one another in the sequence of the target transcript. The resulting PCR products include both the 5 0 and 3 0 ends of the transcript, which are joined together in inverted orientation at the point of ligation. This approach to characterizing the 5 0 and 3 0 ends of transcripts ensures that the two ends within a PCR product are derived from the same transcript isoform. The products can be cloned and characterized, but they are rearranged relative to the intact transcript. Thus, the method does not lead directly to intact cDNA clones.
Two related methods for amplifying intact cDNA clones from plasmid libraries, MACH-1 and MACH-2 (25), have been described. MACH-1, based on the Stratagene QuikChangeÔ site-directed mutagenesis protocol (http:// www.stratagene.com), uses a pair of overlapping, oppositely directed, gene-specific primers to amplify cDNA sequences from a plasmid library in a linear amplification reaction. The products are self-annealed to form nicked circles, which are repaired upon transformation into a bacterial host. Because MACH-1 is a linear amplification method, it is not suitable for recovery of rare cDNAs. MACH-2, based on a PCR-based site-directed mutagenesis protocol (26) , uses two separate inverse PCR with different pairs of gene-specific primers to amplify cDNA sequences from a plasmid library. The linear DNA products from the two reactions are size-selected and purified by agarose gel electrophoresis, mixed together, and melted and re-annealed to form hybrid molecules, which are then transformed into bacteria. MACH-2 appears to be effective and suitable for recovery of rare cDNAs. However, because it requires two PCR per target and includes a gel purification step, it is relatively inefficient and not easily adapted for high-throughput screening.
Here, we describe Self-Ligation of Inverse PCR Products (SLIP), a rapid and efficient method for plasmid library screening that can recover full-length cDNAs representing relatively rare and alternatively spliced transcripts of interest. SLIP is similar to but simpler than MACH-2. It requires one pair of gene-specific PCR primers per target and does not require a gel purification step. We describe screens of cDNA libraries used in our Drosophila EST projects for clones representing 153 transcription factor genes that were not represented by full-length clones in the DGC. Our results demonstrate that the new method is effective in recovering relatively rare cDNA clones from plasmid libraries, that the full-insert sequences of many of the resulting cDNA clones reveal unannotated coding sequences and UTRs in curated gene models, and that the approach can be applied productively in a high-throughput setting.
MATERIALS AND METHODS

PCR primer design
A single transcript model was selected from the Release 3.1 annotation (2) for each curated gene in the list of targets. For genes with multiple curated transcript models, the first('RA') model was arbitrarily selected. Primer3 (27) (http://www-genome.wi.mit.edu/genome_software/other/ primer3.html) designs standard PCR primer pairs and can be used to design primers for multiple sequence targets automatically, but it has no explicit inverse PCR primer design feature, so we wrote software to manipulate the transcript sequences.
Primer3 was developed for the purpose of designing primers for PCR amplification of DNA with primers flanking the region to be amplified. Since the SLIP process requires the PCR primers to abut at their 5 0 ends with no overlap and in opposite orientation on the template, it was necessary to computationally rearrange our template sequences to mimic the format required for primer3. A separate template sequence was constructed at each base location from position 26 to position 500 in the template sequence, as follows. First, a series of 4 'N's was added to the 3 0 terminus of the transcript sequence. Next, the 5 0 sequence of the transcript from base 1 to a base in the range from position 26 to position 500 was removed from the 5 0 end and attached after the 'N's at the 3 0 end. This generated a linear representation of the circular plasmid, with potential PCR primer locations at the ends and flanking the entire sequence to be amplified. This procedure resulted in 475 templates for primer design for each transcript sequence of at least 500 bp. The procedure started at base 26 so that sufficient sequence would be available at the 3 0 end of the template for primer design. Next, each template sequence was run through primer3 to design a PCR primer pair, with constraints imposed using the adjustable parameters. Table 1 shows the parameter settings that were used for primer3. A critical constraint was to fix the PCR product length equal to the length of the template, forcing the program to design a pair of PCR primers that included the 5 0 and the 3 0 terminal bases of the template sequence. A mis-priming library was also employed to prevent the design of primers complementary to the cDNA vector pOT2. A primer pair design was produced for each iteration of the template sequence that had sequences at the ends that allowed design of primers that met the primer3 criteria. Primer3 produces an output file that describes attributes of each primer pair.
All candidate primer pairs in the primer3 output file were compared to a database of all curated transcripts in the Release 3.1 annotation using blastn (wublast-2.0 with parameters S ¼ 50 Q ¼ 200). The blastn output files were parsed to check that the targeted transcript had the highest blastn score and was perfectly aligned over the length of the primer sequences. Next, alignments to other transcripts were analyzed. If there were any gaps in the alignment to non-target transcripts, the primer was not disqualified. If the alignment was shorter than 16 bp, the primer was not disqualified. If the non-target alignment was equal to or longer than 16 bp, then the 18 3 0 -most bases of the primer sequence were further analyzed. If fewer than 16 bases aligned in the 18 3 0 -most bases, the primer was not disqualified. If greater than or equal to 16 bases aligned in the 18 3 0 -most bases, the primer sequence was checked to see if the two most 3 0 bases aligned. If so, the primer was rejected. This process resulted in a reduced set of primer pairs from which to select the optimum pair for each transcript.
To select one primer pair for each targeted transcript from the set of all acceptable primers, we calculated an objective function for each primer pair:
where T m is a melting temperature, W tm is the weight assigned to the T m (0.3), T m avg is the average T m of the two primers, T m opt is the optimum T m , W gc is the weight assigned to GC content (0.1), GC avg is the average percent GC content of the primers, GC opt is the optimum GC content, W blast is the weight assigned to the blastn alignment (0.3), BlastLength is the length of the longest blastn alignment to non-target curated genes, W Dtm is the weight assigned to the difference in T m between the primers (0.3), and DT m is the difference in T m between the two primers. For each targeted gene, we selected the primer pair with the lowest objective function score.
cDNA library screening
For each targeted gene, the forward and reverse PCR primers (8 mM each) were phosphorylated in a single 15 ml reaction with T4 polynucleotide kinase (0.25 U) at 37 C for 1 h, followed by heat inactivation of the enzyme at 65 C for 20 min. Aliquots of the GH (adult head, 1.23 mg/ml), LD (embryo, 1 mg/ml), LP (larva and pupa, 1.16 mg/ml) and SD (S2 cell line, 0.66 mg/ml) plasmid pOT2 cDNA libraries described in (12) were pooled to make a mixed library stock. Each library was available as a singly amplified stock, and 10 ml aliquots of each were combined to generate the pool. We estimate the complexity of the mixed stock to be $2 · 10 6 independent clones. The mixed stock (1 mg/ml) was diluted 1:500 to produce a working stock for use in PCR.
PCR was conducted with Phusion DNA polymerase (Finnzymes) according to the manufacturer's instructions. Each 15 ml reaction included 1. templates is 30 s per kb; the pOT2 vector is 1.5 kb in length; thus, the extension time we used is sufficient to amplify cDNAs with inserts at least 4 kb in length. The annealing temperature for the first five cycles was ramped down linearly from 72 to 68 C (touchdown PCR). In the subsequent 30 cycles, the annealing temperature was 68 C. After cycling, the reactions were incubated for an additional 5 min at 72 C to finish the final extension. To exchange the buffer and reduce the concentration of unincorporated dNTPs and primers, each PCR product was diluted to 30 ml with dH 2 0 and subjected to gel filtration through a 300 ml Sepharose G-50 column in 96-well format.
Half of each filtered sample (15 ml) was treated with T4 DNA ligase (400 U, New England BioLabs) in a 100 ml overnight reaction at 16 C. DpnI (20 U, New England BioLabs) was then added to each sample, and the reactions were incubated at 37 C for 2 h and then at 80 C for 20 min to inactivate the restriction enzyme.
An aliquot (2 ml) of each self-ligated and digested sample was transformed into TAM1 chemically competent Escherichia coli host cells (Active Motif) in 96-well format according to the manufacturer's instructions. The entire volume of transformed cells was plated on LB agar plates containing chloramphenicol (50 mg/ml) and incubated overnight at 37 C. Four clones per target were grown overnight in 2· YT media containing chloramphenicol (50 mg/ml). An aliquot of each culture was used to produce an archival frozen stock, and the remainder was used to prepare plasmid DNA by a standard alkaline lysis procedure.
Plasmid DNA samples were used to produce three sequence reads. Sequencing reactions were performed with BigDye v3.1 dye-terminator chemistry (Applied Biosystems) at 1/16th the manufactures recommended scale. Sequence data were collected on an Applied Biosystems 3730 · 1 capillary device. All templates were sequenced with the primers PM002 (5 0 end), PM001 (3 0 end) (16) , and the target-specific, sense-strand PCR primer. Following data analysis, selected cDNAs were sequenced to completion using additional custom primers.
Sequence assembly and finishing
Sequence trace files were processed using phred and crossmatch to produce vector-masked sequence files with basecalls and associated quality scores (28, 29) . The three sequence reads from each template were assembled using a customized version of phrap (http://www.phrap.org) in which every trace is included in the assembly. Each sequence assembly was evaluated by a custom script in a series of tests to select clones for full-insert sequencing. Test 1, if the translation of the longest ORF in the contig containing the 5 0 end read matched the predicted protein sequence of a transcript of the targeted gene, then the cDNA library screening experiment was declared 'done', and the clone was entered into our cDNA sequence finishing pipeline. Our standard cDNA finishing pipeline requires quality standards higher than can routinely be achieved with three traces (phrap estimated error rate less than 1/50 000; individual base quality better than q25), so a further round of primer sequencing was performed if needed. This work was designed manually or by autofinish (30). Test 2, if the sequence assembly produced contigs with only a partial match to the predicted transcript or coding sequence (CDS) because of low sequence quality, sequence gaps, or errors in the gene prediction, then the clone was retained for possible full-insert sequencing. A partial match was defined as alignment of at least 50% of the length of the cDNA contig containing the 5 0 read. The percent identify of the match was also reported. If the contig sequence did not meet this criterion, all contigs were concatenated together and compared to the annotated transcript using sim4 (31) . Alignment of 50% of the length of the clone sequence, or 100 bp and a percent identity of 50% over the aligned region, was required for inclusion in the cDNA finishing pipeline. Test 3, if the assembly did not show any significant alignment to the target, the clone was discarded.
After all of the cDNA isolates for a particular target were evaluated, we selected from the set according to the rules: (i) if one or more isolates from a target was 'done', the isolate that had a poly(A) tail, included the longest 5 0 -UTR, and had the highest sequence quality was selected. If no isolate had a poly(A) tail, we still proceeded with sequence finishing of the isolate with the longest 5 0 -UTR, if the entire targeted CDS was captured. All other isolates were removed from the processing queues. (ii) if one or more isolates passed Test 2 and no isolates passed Test 1, all candidate isolates were selected for one round of sequencing using custom primers designed to the target gene sequence. If none of the isolates then passed quality standards, one of the isolates was selected for finishing. The isolates selected for finishing were entered into the cDNA processing pipeline for quality assurance, automated annotation and sequence submission. Sequences of 88 cDNA clones reported here were submitted to the GenBank data library; their accession numbers are reported in Table 4 .
Sequence analysis
Each finished cDNA sequence was aligned to the genome sequence and the annotated Release 4.1 target transcripts using sim4. The highest scoring alignment was recorded, and the corresponding annotated transcript was used for further analysis. Transcript alignments with scores of less than 100% were manually reviewed for nucleotide discrepancies, co-ligation events, retained introns, genomic contaminants and antisense transcripts. The longest predicted ORF was identified in each finished cDNA sequence, and its protein translation was compared to the translated annotated CDS using sim3 (32). Alignments with scores of less than 100% amino acid identity were manually reviewed and annotated for N-terminal and C-terminal extensions and truncations of the predicted protein sequence, exon variants, dicistronic transcripts and merges of annotated genes.
RESULTS
cDNA library screens for 153 transcription factor genes
The SLIP cDNA library screening method is diagrammed in Figure 1 . cDNA clones representing a gene of interest are amplified from a plasmid library with gene-or transcriptspecific PCR primers. The primers are designed to match the sequence of the target exactly, to abut each other without overlapping, and to be oriented in opposite directions as for inverse PCR. The resulting linear PCR products are treated with T4 DNA ligase to circularize them. Thus, the procedure replicates intact cDNA clones that are identical to the clone from which they were amplified. The reaction mixture is treated with the restriction enzyme DpnI to digest the methylated plasmid library template DNA, leaving the un-methylated PCR products intact. (The cDNA library is methylated by the standard library amplification procedure in a dam+ E.coli host.) The resulting plasmid cDNA products are transformed into bacteria, and individual clones are isolated and characterized by sequencing. The procedure is similar to the Stratagene ExSiteÔ site-directed mutagenesis protocol (http://www. stratagene.com).
We tested the SLIP method by screening a pool of cDNA libraries for clones representing 153 Drosophila transcription factor genes ( Table 2) . These targets are D.melanogaster The primers are used to amplify specific clones from a plasmid cDNA library. The positions of the primers (arrows) within a target cDNA are shown, with the vector indicated in white and the cloned cDNA insert indicated in black and white cross-hatch. The resulting linear products are complete sequences of target clones, including the intact vector and the entire insert, which is split into two halves at the position of the PCR primers. Self-ligation of the linear PCR products into circular products replicates the original target cDNA clones. The methylation-sensitive restriction enzyme DpnI is used to digest the un-amplified plasmid library DNA, leaving the self-ligated amplification products intact. These products are cloned, sequenced and analyzed as described in the text to identify bona fide target-specific cDNAs. GCGATGTGGGTGTCTCATTGTTG  CG13296  1398  GCATGACCACTTCATCGACAGAAAC  TGGTCGGTGTGATACTGGTGCTC  CG1379  1107  GGAAACCTGACACTGGGTGATTC  GCATCCGATTAGGTCATCAATCTC  CG15258  591  CAAAATCGCATAACGCAGGAG  CTGGATCGACCGGATGTGTTC  CG15269  1764  AAGGAGCGTAAATCCGCTCAGG  GCCCAGAATCTTACTGATGCTAAAG  CG15336  546  ATCGGACGCGCATCTATTGGAATC  AGCCGCAGAACTCGCACATAAG  CG15398  885  AGGGAGCCGAGGAAATGTCTTTGC  CACTTGCTTTGTTCGCCAGGACTTG  CG15455  921  TCTACCGATCGCCTTCAAGGTTTTG  GTTTTGTTTGAGCGCCAGTGC  CG15696  540  CCACCCAGCATCTTATGTCTCAAAG  GCGTACGGATGGAAAGGCAAG  CG15710  798  CCTGTTTGCAGCCGATAAAAGAG  GCGCCACGTACACCTTGGTAAC  CG15782  455  TGTCTATGCCCGCGAAATGCTC  TCGGGATAATGGGCTTCCTTG  CG1663  1164  GGCGGAGGTACAGGAATCTTTC  AACTTGGATTCCTGAGCAATAGAC  CG16779  5943  CCGGAAATGTTGGCAGATGTC  ATCCGGATACCCGATGGTCAG  CG16899  1074  TTCTTGCGGTCGAAGGATAATGAG  TCTCTCTGCATCGGAGAACATGAG  CG17075  2907  AAGTCCCGCAAAGGGAGTAGTGAC  TCGCTGTGCGACTCCGTCAAG  CG17186  1146  CTCGTGCAACGTCTGCGGCTAC  AACAGTGACGATTCCACCTCAGAC  CG17195  737  TGCATTTTGAGACGGGACCAC  GGTGTTGCACAAAACGCAGTG  CG17196  831  TGGCCTGCTACCGTACAAGCTCAG  GCAAGTTTCCCAGGATATTGTATG  CG17197  951  AGTACTTGGCGCGTCGAAATC  TGGTGCAGGCCCATATCAAAC  CG17198  873  CAGTTTTTGGGATTGTTTGGACAG  TGGCATTACGTAGAAAGCTTCG  CG17287  1017  CGGTGCATTTTCGTAGCTCCAG  AAACCATGTCCATAGAAACATGAAC  CG17328  1413  TTTTTAAAACCGATGGCCTACCTTC  CTCTTATTTTAGCGCATTGCATC  CG17385  837  AGACGGTGGCCAATCAGTTCAG  CGTCGAATTCTACCTCCATGC  CG17568  1509  ATTAGCGAACTAATCGATTTTGCAG  AAGCGTATAGCACTCCGTACACAGC  CG17801  1054  GCCGCGTCATATTTGCCCATC  TGGCGTTCATTCTGTTCTAACC  CG17803  1401  AGACGACGGAAAAGTACAACATTC  GCCTAAGCTTTTTGTCGACCTG  CG18476*  2954  ATCAATCTGGATGCAACTGGTAGTC  TTCGGTTAGCTCGCATAAAATCTCC  CG2120  1035  CGATCTATTGGAACTTGTGAATGG  TATTCCGAGCCCGGATTCAGC  CG30417  807  CAACTGCTGGGCCTCCACGATTAC  CGGATCCAGTGGCTCGTAGAAAAC  CG30431*  1810  TCGTCCGTATAGATCGGGGCTTC  TTGGCATAGTTGTTTTCCTTGC  CG30443*  1771  GGAGACTACCCCGAACCTCCAC  TCGGCCTGGTTGGACGATGAC  CG31224*  7059  CAAAGCGGAAGACGAGAGGAAAG  TGCGCTCCTTCTTCCAATATACAAG  CG31241*  2020  GCGCCCAAGTACTGCTACTTCTTC  TCTCGAGGTAGAGGCTTCTGG  CG31612*  3308  ATGTTTCGGCGACGCTTATCAGTAG  GAGTGTCAGCAGAGATTCTTGTTCG  CG31632*  3371  AAAATGCAAGCCACTTCCGGTCAG  GGCCACGTCCATAACGGTTTTATC  CG32532*  4422  GCTGGAAAATTTCAATGGAGCGAAG  GGGGGCGTCCTTTCCTGATTTC  CG32611*  3313  TTGCCGAGCTGCAAACCTTAG  AACGGACGTCCTTCAATATCAC  CG32705*  4705  TGTCCGTGGGTGAACAACTGC  GTGATGATCGAAGGTCTCTATGC  CG32767*  7670  CGCAACAGATCGAATTTATACTGC  ATAGGGCGCTATCGTTAATGG  CG32772*  2476  CTCCGAAGACGTGGATCTGATATTC  TCGTCCTGCGACTGTAGGTTCTC  CG3485  993  GATCTCTGAATGCACGGACTGTGAC  ACTTGTGCTATTGAAACCAGCAG  CG40351*  5846  AGACCCGTCCTATCCAACAATAAC  CCTGGCATTAAACCATCGTAAC  CG4318  699  ATCCTTTTCCCAAGACCATTTGC  CCTTCGGTAGAACCGGGAAGC  CG4328  1593  GCCGGAGTAGCCCACAATGAC  TTTGGTACTCGCACTCCTTCC  CG4374  2577  CGAGTTTTGGCACCAGGACAAG  TAGCCCTGTAACGTGGGATCG  CG4565  672  AATTCTGTTCTTTTGAACCCCTGTC  GTACTCGTCCGCCAAGAATTTG  CG4575  285  GAAGAATATGGAGGCCTTTCAAAC  CGTATCGCGCCCACTTTGACG  CG4676  1008  CTTTGCAGCACTGTCTCAGTTGG  CGATTTTTGGCTCTGCTGCTAAC  CG4956 858 AGTTGCATTGGCCATAAAAATCAG GGCAAAGAAGGTGCAGTGGTG curated genes that have been assigned the function attribute 'transcription factor' in the Gene Ontology database (33) and that were not represented by full-length cDNA clones in the DGC. Twenty-six of the target genes are represented by one or more ESTs in our collection, but the cDNAs that had been previously selected for full-insert sequencing were found to be compromised and so replacement cDNAs were needed. The remaining 127 target genes are not represented by ESTs in our large collection, indicating that they are rare in our cDNA libraries. The Release 4.1 annotated transcripts of the target genes range in length from 171 to 8834 bases with a median of 1398 bases. Custom scripts were developed to automate PCR primer design for SLIP. To improve the likelihood of recovering full-length cDNAs, primer pairs were restricted to the 5 0 most 500 bases of each curated gene model. Aliquots of four plasmid cDNA libraries, all previously used in our EST sequencing projects, were pooled and diluted to produce a template for SLIP screening. Target gene sequences were amplified from the library pool using a standard PCR procedure.
The linear PCR products were circularized and treated with DpnI. The reaction products were cloned, and four cloned isolates per target were analyzed by sequencing. Sequencing reactions were performed using a pair of primers flanking the cloning site in the vector, and the target-specific, sense-strand PCR primer, to produce three reads. The sequence data were analyzed automatically and reviewed manually. A consensus sequence for each clone was assembled and compared to all annotated transcripts of the corresponding target gene. Of the 153 target genes, 92 (60%) yielded one or more gene-specific clones in this initial screen.
The initial library screen failed to yield specific cDNAs for 61 target genes. It also yielded gene-specific but compromised clones for 27 target genes. These clones were compromised in various ways, all previously observed in cDNA libraries, such that they did not represent high-quality, full-length cDNAs (see below). We performed a second library screen on 56 of the 61 target genes for which the initial screen completely failed, and on 13 of the 27 target genes for which the initial screen yielded only compromised clones. In this second screen, we used a 10-fold higher concentration of the cDNA library pool as the template, in an attempt to recover very rare clones. Analysis of the sequence data from the second screen showed that we recovered one or more genespecific clones for 12 of the 56 targets that failed in the first screen. Furthermore, for the 13 targets that yielded only compromised clones in the first screen, we recovered novel clones for only two targets and identical, compromised clones for ten targets.
Taken together, the two rounds of library screening produced one or more target-specific clones for 104 (68%) of the 153 target genes (Tables 3 and 4 ). This total includes clones recovered for 85 of the 127 targets that were not represented in our EST collection, and 19 of the 26 targets that were previously represented in our EST data (Table 4) but not necessarily by ESTs from the libraries used in this screen. As described below, these clones were further characterized to determine which ones represent full-length cDNAs.
The 49 gene targets that failed to yield target-specific clones fall into three classes. For two target genes, all clones failed to yield sequence data. For 16 target genes, all isolates corresponded to genes that were not the intended targets and did not include a complete copy of one or both of the PCR primer sequences. For 31 target genes, the sequences of all isolates included at least one copy of one or both of the PCR primer sequences, but were otherwise unrelated to the target gene.
We examined the library screening results to look for correlations that might predict successful clone recovery. Named genes are more likely to have been studied and validated at the molecular level, so they might be more likely than un-named genes (annotated based on computational results) to yield specific clones in a cDNA library screen. Of the 153 target genes, 79 are named genes and 74 are un-named genes designated only by a CG (Curated Gene) number in the Release 4.1 annotation. At least one target-specific cDNA was recovered for 51 (65%) of the named genes and 53 (72%) of the unnamed genes. Because the library screening method is PCR-based, we examined whether the rate of recovery of gene-specific clones was higher for target genes with shorter predicted transcripts. The median lengths of the Release 4.1 annotated transcripts are 1423 bases for the 104 targets for which gene-specific clones were recovered and 1398 bases for the complete set of 153 target genes. Thus, neither attribute of the target genes is correlated with success in library screening.
Full-insert sequencing and characterization of cDNAs
The sequence data from the 104 genes with target-specific clones were further analyzed to determine which represented full-length cDNAs (Tables 3 and 4) . cDNAs for which the initial three sequence reads did not produce a complete, high-quality sequence of the cloned insert were selected for sequence finishing. Finishing reads were produced using custom primers designed from the sequence assembly and the annotated transcript model. If a cDNA was found to be compromised, the complete sequence of the insert was not necessarily determined. The predicted protein sequence encoded by the longest ORF in the finished sequence of each cDNA clone was compared to the predicted protein sequence in the recently available Release 4.1 genome sequence annotation (http://flybase.bio. indiana.edu/). For 43 (28%) of the 153 target genes, the selected cDNA contains a complete ORF that encodes a protein identical to that of the gene model. For 29 (19%) target genes, the cDNA represents a transcript with an ORF that is not identical to that of an annotated transcript and provides evidence that these gene models should be modified. The cDNAs for 15 of these are classified as '5 0 extension', '3 0 extension', or '5 0 short with upstream in-frame stop codon', meaning that the cDNAs encode a protein sequence that varies in the number of terminal amino acids relative to the gene model (Figure 2A) . The cDNA clones for another 12 of these target genes are classified as encoding 'exon variants', meaning that the cDNA encodes a protein sequence that diverges from that of the annotated gene model, indicating differences in the pattern of mRNA splicing. These include four cDNAs that encode alternate amino termini, one that encodes an alternate C-terminus, and seven that encode different amino acids at locations internal to the CDS. Lastly, one cDNA represents a dicistronic transcript containing both CG17197 and CG17198, and another cDNA provides evidence to merge three annotated genes (CG15781, CG15782 and CG15783) into one gene with a single, continuous ORF ( Figure 2B ). In summary, highquality, full-length cDNA clones were recovered for 72 (47%) of the 153 target genes. This total includes 11 of the 26 target genes that were represented by ESTs and 61 of the 127 target genes that were not.
For the remaining 32 (21%) genes with one or more targetspecific clones, all clones were compromised in various ways (see Tables 3 and 4) . For 27 genes, the clones contain well known cDNA library artifacts, including nucleotide discrepancies, truncations of the 5 0 and/or 3 0 ends, retained introns, genomic clone contaminants, and co-ligated inserts. This set includes three cDNAs with co-ligated inserts that nevertheless include complete ORFs for the target genes; these ORFs are suitable for cloning into expression systems. The set also includes six clones with nucleotide discrepancies that represent full-length cDNAs; these discrepancies could be repaired by site-directed mutagenesis to produce high-quality cDNAs. Artifacts attributable to the SLIP screening procedure itself are present in the clones selected for four target genes. One clone contains just one of the two PCR primer sequences, two clones contain multiple concatenated copies of both primer sequences, and a fourth clone has a 2 bp deletion at the point of ligation where the 5 0 ends of the two primers abut. The latter clone is in all other respects a full-length cDNA and could be repaired by site-directed mutagenesis. Finally, one clone corresponds to an antisense transcript and may represent a complete transcript. A number of such cDNAs were documented in the Release 3.1 genome sequence annotation (2) , and the existence of antisense transcripts has been reported in many organisms (34) .
PCR has a bias toward amplification of short products, so we examined the lengths of the cDNAs recovered in our screens. The longest cDNA recovered for which we produced a These clones encode proteins that differ from their corresponding annotation. '5 0 extension' and '3 0 extension' clones encode additional N-terminal and C-terminal residues, respectively, relative to the annotation. '5 0 short with upstream in-frame stop codon' clones encode full-length ORFs that are missing sequences encoding N-terminal residues relative to the annotation and may represent alternatively spliced products. 'Exon variant' clones contain sequence differences relative to the annotation at internal positions in the CDS and represent alternatively spliced products. d The sequence of these clones have nucleotide differences, most likely the result of errors generated by reverse transcriptase during library construction, that introduce a missense or frameshift change in the ORF relative to the annotated CDS. e These clones are missing sequences encoding the N-terminal portion of the predicted protein sequence of the annotation for the '5 0 short' class, the C-terminal portion for the '3 0 short' class, or both for the '5 0 and 3 0 short' class.
f These clones contain sequences from two unrelated genes and are almost certainly the result of two cDNA molecules being cloned into the same plasmid vector during library construction. In three such cases, the clones encode proteins that are identical to the targeted annotation. g The sequence of the clone overlaps the annotated gene model but is transcribed from the opposite strand. h These clones do not include a poly-adenylated tail. These are genomic clones that contaminate the cDNA libraries. i These clones are poly-adenylated and include unprocessed intron. CG10147  IP01005  BT022207  match  1347  1792  1344  1344  CG10309  IP01015  BT022205  exon variant  2778  3308  2775  2772  CG10348  IP08802  BT022134  5  0 extension  1593  2054  1590  1629  CG10431  IP01025  BT022206  5  0 extension  2151  3382  2148  2352  CG11085  IP01054  BT022201  exon variant  828  1576  825  885  CG11152  IP01059  BT022202  match  1800  2320  1797  1797  CG11294  IP01065  BT022199  match  946  1021  783  783  CG12029  IP01101  BT022200  5  0 extension  503  3021  327  2253  CG13287  NC  N/A  3  0 short  1386  N/A  1383  N/A  CG15258  IP01147  BT022193  match  591  702  588  588  CG15336  IP01157  BT022191  antisense  546  705  543  318  CG15710  IP01184  BT022189  match  798  932  795  795  CG15782  IP01192  BT022190  gene merge  455  2383  426  1920  CG1663  IP01201  BT022188  match  1164  1411  1161  1161  CG16779  NC  N/A  co-ligated  5943  N/A  5940  N/A  CG16899  IP01211  BT022185  exon variant  1074  1928  1071  1326  CG17186  IP01220  BT022186  match  1146  1433  1143  1143  CG17195  IP01224  BT022183  5  0 extension  737  942  723  849 finished sequence has an insert length of 4415 bp, but it is compromised by co-ligation. The longest full-length, highquality cDNA recovered has an insert length of 3504 bp and contains an ORF of 2670 bp. The longest ORF in a high-quality, full-length cDNA recovered in our screen is 2961 bp in length. There are nine target genes with annotated CDS lengths greater than 3000 bp for which cDNAs were recovered, and none of these cDNAs encodes the complete ORF: four are 5 0 or 3 0 short, two are co-ligated and short, one contains a SLIP artifact, one contains a frameshift, and one encodes a full-length version of a shorter exon variant. Thus, the screen failed to recover full-length cDNAs for the longest target genes.
To assess whether SLIP selects for short clones, we compared the results of our directed screen to our EST sequencing results for the same cDNA libraries. In a set of $80 000 5 0 EST sequences, the fraction that include the predicted start codon of the corresponding gene model in the Release 1 genome sequence annotation was 80% (12) . Because this result is based on 5 0 ESTs and not on full-insert cDNA sequences, it does not account for clones truncated at the 3 0 end, and thus somewhat overestimates the frequency of full-length clones in the libraries. In the directed library screens reported here, the cDNAs for 72 of the 104 selected target-specific clones contained high-quality, full-length ORFs, another 10 cDNAs are full-length but compromised by nucleotide discrepancy or co-ligation (including one 'SLIP artifact' clone compromised by a 2 bp deletion), and an additional five cDNAs classified as '3 0 short' also contain the predicted start codon (Tables 3 and 4) . Therefore, 87 (84%) of the cDNAs reported here include the predicted start codon of the Release 4.1 gene model. Thus, similar frequencies of 831  890  828  495  CG17197  IP01230  BT022181  dicistronic  951  1656  948  870  CG17198  IP01235  BT022182  5  0 extension  873  1087  858  897  CG17287  IP01239  BT022179  5  0 extension  1017  1801  1014  1080  CG17328  IP01243  BT022180  match  1413  1480  1239  1239  CG17385  IP01247  BT022177  match  837  1192  834  834  CG17568  IP01252  BT022178 full-length cDNA clones were recovered by 5 0 EST sequencing and by SLIP screening.
Finally, we note that Ada2A and Rpb4 were distinct genes in the Release 3.1 annotation but have been merged into a single gene with multiple transcript isoforms in the Release 4.1 annotation. The two screening experiments performed on the Rpb4/Ada2A gene, based on the Release 3.1 annotation and with different PCR primers, recovered cDNAs representing different transcript isoforms, and so the two experiments were treated as independent in our analyses.
DISCUSSION
We have demonstrated that SLIP is an efficient and effective method for screening plasmid cDNA libraries. In screens for 153 Drosophila transcription factor genes known to be represented at relatively low levels in our cDNA libraries, we recovered high-quality, full-length cDNAs with complete ORFs for 72 genes and compromised cDNAs for another 32 genes. The six cDNAs compromised by nucleotide discrepancies, and one clone with a 2 bp deletion resulting from a SLIP artifact, could be repaired by site-directed mutagenesis to produce high-quality, full-length cDNAs. Three of the coligated cDNAs encode complete ORFs suitable for cloning into expression systems. Thus, by a more liberal standard, full-length cDNAs were recovered for 82 genes. SLIP is simpler to perform than the similar MACH-2 method, and both methods are considerably more efficient than the traditional hybridization-based library screening approach.
Because PCR tends to amplify shorter products more efficiently, SLIP likely has a bias toward recovery of shorter clones. Thus, if a cDNA library contained clones of various lengths for a target gene, SLIP might recover only short cDNAs with incomplete ORFs. Many of the short clones in cDNA libraries are missing the 5 0 end of the transcript. We took two measures to improve the recovery of full-length clones: we designed PCR primers within the first 500 bases of each annotated transcript model, and we performed PCR with an extension time sufficient to amplify cDNAs with inserts of at least 4 kb in our 1.6 kb cloning vector pOT2. We recovered relatively long full-length cDNA clones, but we did not recover full-length clones for target genes with ORFs longer than 3 kb. Comparison to EST sequencing results from the same cDNA libraries shows that the two approaches recovered full-length cDNAs at a similar rate. This suggests that full-length cDNAs for target genes with long ORFs are rare in the cDNA libraries used in this study. However, we cannot exclude the possibility that some long transcripts were not recovered in our screens due to the PCR conditions used.
Modifications to the SLIP protocol are likely to improve recovery of long cDNAs. Techniques for PCR amplification of large fragments, including increasing the number of cycles of amplification, increasing the extension time and employing DNA polymerases optimized for 'long PCR' could be incorporated to reduce size bias due to the PCR step and recover long cDNAs. PCR amplification of fragments at least 20 kb in length from complex templates such as the human genome is a routine procedure (35) , and kits for this purpose are available from several commercial suppliers. Libraries containing fulllength cDNAs for very long transcripts are also necessary for recovery of long cDNAs, and methods for constructing such libraries have been developed (36) . In addition, PCR products could be size-selected by excision from agarose gels before the self-ligation step. Although we have not demonstrated recovery of very long cDNAs using SLIP, we see no reason the method should be significantly limited by the lengths of transcripts or cloning vectors.
The success of SLIP screening was not significantly correlated with named genes, a common surrogate for the confidence of the target gene annotation, nor with the presence of ESTs in our collection. This suggests that recovery of a cDNA clone for a target gene depends primarily on the presence of a cDNA clone in the library. Because we diluted the cDNA library pool 500-fold for the first round of screening experiments, library complexity seemed likely to be a limiting factor. To test this, we performed a second screen for 69 target genes, including 56 targets that failed to yield specific clones in the first round of screening, using a 10-fold higher concentration of library pool (50-fold dilution). An additional twelve genes yielded specific clones in this second screen. The effect of library concentration was not dramatic, however, which suggests that most of the complexity of the library pool was represented in each sample in the initial round of screening. Statistical analysis of the results indicates that the additional successes in the second round of screening are consistent with the expected increase from selection of additional isolates for sequence analysis, with the underlying screening success rate identical for both library dilutions (data not shown). Note that these cDNA libraries had already been extensively sampled by EST sequencing, and this had not yielded clones for 127 of the 153 genes targeted in this study. To use this screening method to recover cDNAs for the transcription factor genes that are still not represented in our collection, new cDNA libraries with higher complexity and from additional tissues and developmental stages would seem to be required.
Since PCR primers were designed based on Release 3.1 annotated genes, including many for which no molecular evidence currently exists, our success in recovering clones depended upon the accuracy of the gene predictions. In 29 cases, the clones recovered in the screen provide evidence that the corresponding gene models should be modified. For three of the failed library screening experiments, the revised Release 4.1 gene models do not include the Release 3.1 exons used to design the PCR primers. This provides a trivial explanation for these failures. Further examination of the PCR primer sequences and the gene models they were designed to target may suggest other ways of improving the success rate.
The 49 genes that did not yield target-specific clones probably failed due to absence of clones from the cDNA library aliquot. Most of the failed screens yielded clones representing genes that were not targets. These non-target clones probably arise by mis-priming during PCR in the absence of targetspecific cDNAs. Another potential explanation for the recovery of non-target clones is incomplete DpnI digestion of the library template DNA. However, in many cases the sequence traces from non-target clones include sequences complementary to one or both of the corresponding PCR primers. Thus, mis-priming appears to be the primary failure mode.
Our results suggest ways of optimizing the screening procedure. One of the easily adjusted parameters is the number of isolates selected for sequence analysis. Based on a retrospective analysis, we estimate that by characterizing four isolates per target instead of three, we have increased our screening success rate by $12%. Similarly, characterizing four isolates per target yields $32% more screening successes than two isolates, and 88% more screening successes than a single isolate. We estimate that selecting more than four isolates will result in a maximum increase of 5% in the number of successes, and this needs to be balanced against the increase in costs of characterizing additional clones. Another parameter that may be adjusted is the number of isolates selected for full-insert sequencing. While in most cases all of the characterized isolates were identical (based on analysis of the three initial sequence reads), there were cases in which different clones were recovered. These may indicate alternative transcription start sites or alternative splicing, rather than incomplete cDNAs. Another area for optimization is in the automated analysis of the initial sequence reads to determine which clones should be considered for full-insert sequencing. Analysis of the finished sequences from these experiments, largely gained through manual examination, suggests that a useful criterion for clone selection would be 50% or greater sequence identity of the clone and the corresponding gene model over at least half the length of the sequence data generated from the clone.
The success of these directed library screens raises the question of when a project to produce a non-redundant cDNA collection should switch from an EST-based approach to a directed approach. At the end of our EST sequencing project, the final 10 000 EST sequences identified cDNAs representing just 96 (1%) new genes not previously represented in the collection. At that point, it was decided that additional EST sequencing was not warranted. If an efficient directed method had been available, we might have switched from EST sequencing to directed library screening at an earlier stage in the DGC project.
In our view, the results described here justify a larger scale SLIP screen for cDNA clones representing the remaining annotated genes and alternative transcripts that are not yet represented by cDNA clones in the DGC. We assert that cDNAs obtained by library screening can be more informative and valuable than RT-PCR products. The principle advantage of cDNAs over RT-PCR products is that cDNAs can recover sequences at the 5 0 and 3 0 ends of transcripts that are not represented in annotated gene models. In our screens, we recovered full-length cDNA clones that extend the ORF of the annotated gene model in the 5 0 (10 genes; e.g. Figure 2A ) or the 3 0 (3 genes) direction, that discover a dicistronic transcript (one gene-pair), and that fuse gene models (three gene models into one gene; Figure 2B ). For these 15 genes, RT-PCR experiments based on the ORFs in the annotated gene models would have amplified cDNA products representing incomplete ORFs encoding truncated protein sequences. Furthermore, such RT-PCR data would appear to validate the incomplete gene models. In addition, we recovered five fulllength cDNAs classified as exon variants that have alternative 5 0 -or 3 0 -terminal coding sequences that are not present in the genome annotation. Because the termini of these ORFs are not present in the current genome annotation, they would not be recovered in annotation-based RT-PCR experiments. The 5 0 and 3 0 ends of transcripts can be recovered by RACE, but this approach does not lead directly to full-length cDNA clones. Thus, because it involves fewer assumptions based on predicted transcript structures, we consider directed cDNA library screening to be a more conservative and informative approach than RT-PCR.
RT-PCR is likely to be more sensitive than directed cDNA library screening for the recovery of sequences of transcripts with extremely low expression levels because it does not involve library construction steps, which inevitably reduce the complexity of the sample. RT-PCR is also likely to be more effective for recovery of long transcripts, since it constrains amplified transcript sequences to include the 5 0 and 3 0 ends defined by the PCR primers. Thus, we do not assert that directed cDNA library screening is better than RT-PCR. Instead, we maintain that SLIP can be more informative than RT-PCR and that the two approaches are complementary, each with distinct advantages and disadvantages.
In a pilot study evaluating the use of RT-PCR to generate cDNA clones for the Mammalian Gene Collection, acceptable full-ORF clones were recovered for 67% of 384 well characterized human genes that had sequences in the RefSeq database but that were not yet represented by cDNAs in the collection (37) . In the study, RT-PCR was performed on a series of RNA templates representing different human tissues until a PCR product of the expected size was obtained for each target gene. Multiple bands were observed in many of the RT-PCR, so bands of expected size were purified by excision from agarose gels before cloning. Twelve or more cloned isolates were end sequenced for each target; 4718 clones were sequenced to recover acceptable clones for 259 genes. In our study, the targets include many uncharacterized predicted genes, the cDNA libraries were pooled into a single PCR template, no agarose gel analysis or purification was performed, and four clones were analyzed per target (although 67 targets were subjected to two rounds of screening). The target gene sets, the tissue sampling approaches, and the work expended per target are quite different in the two studies, making their direct comparison difficult.
A productive and rigorous strategy for cloning and characterizing a eukaryotic transcriptome might involve successive phases of EST sequencing, directed cDNA library screening using SLIP, RT-PCR amplification of annotated ORFs and RACE experiments to recover uncaptured UTRs and coding sequences and to precisely define transcription start sites. A strategy based purely on RT-PCR and RACE could also be effective, particularly if advances in genome annotation approaches lead to significant improvements in gene prediction.
Finally, cDNA libraries are often constructed from RNA isolated from particular tissues or developmental stages, so EST and cDNA sequences can provide data on when and where a transcript is expressed. We pooled cDNA libraries into a mixed template to improve the efficiency of our screens, resulting in the loss of this spatial and temporal expression information. In Drosophila, large datasets on RNA expression have been produced in microarray studies (38, 39) and embryonic in situ hybridization experiments (40) , and these data have much higher resolution and reliability than data from cDNA library associations. If cDNA libraries constructed with library-specific sequence tags were used, as in the rat EST project (41) , then the library source information for cDNAs amplified from a pooled template would be retained.
In summary, SLIP is an effective method for increasing the representation of genes and transcripts in comprehensive cDNA collections, such as those currently under construction by the NIH Mammalian Gene Collection project for several model organisms and the human (7, 8) . We have used it to recover full-length cDNA clones for 72 genes with relatively low expression levels. Our results also demonstrate that SLIP can be used to screen for cDNAs representing alternatively spliced transcripts. By designing PCR primers in predicted isoform-specific exonic sequence, cDNAs containing the alternatively spliced sequences can be targeted. Finally, the utility of SLIP is not limited to genomic applications. The method is simple and should be useful in any project requiring the isolation of cDNA clones. The main limitation is the availability of high-quality plasmid cDNA libraries representing organisms, tissues and developmental stages of interest.
